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Abstract. In order to understand the effect of irradiation on the material properties, we need to look
into the atomistic evolution of the system during the recoil event. The nanoscale features formed due
to irradiation will ultimately affect the macroscopic properties of the material. The defect production in
pristine materials have been subject to investigation previously, but as the dose increases, overlap will start
to happen. This effect of cascades overlapping with pre-existing debris has only recently been touched, and
mainly been investigated for interstitial-type defects. We focus on vacancy-type defect clusters in BCC Fe
and start a recoil event in their near vicinity. The final defect number as well as the transformation of
the defect clusters are investigated, and their behaviour is related to the distance between the defect and
the cascade centre. We found that for vacancy-type defects, the suppression of defect production is not
as strong as previously observed for interstitial-type defects. The cascade-induced transformation, such as
change in Burgers vector or creation of dislocations, was determined for all initial defect structures.
1 Introduction
In modern society, iron and iron alloys are the most widely
used metals in structural applications. These materials are
also used in nuclear power plants, where the harsh environ-
ment will over time degrade the properties of the material.
The macroscopic property changes are usually based on
the change and evolution of defects, starting at the atom-
istic scale. These changes can be small defect clusters
forming and hindering the movement of dislocations,
which make the material harder but also more brittle,
or the defect structure can change from an immobile to a
mobile state or vice versa. Consequently, a large number of
experimental and computational studies have been carried
out to study the defects introduced by irradiation [1,2].
Experimental measurements can reveal what kinds of
defects are formed after exposure to irradiation [3,4]. On
the other hand, most experimental techniques are limited
to larger defect clusters and structures, as the resolution is
usually limited to a few nanometers. In addition, the exact
structure of the defects can be difficult to determine in the
setups. To remedy this, atomistic simulations on the pri-
mary damage formation in iron have been carried out in
the last few decades, see for instance [1,2], and references
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therein. As the name indicates, these simulations will fol-
low the trajectories of individual atoms, and therefore the
detailed structure of the produced defects can be studied.
Experimental studies have shown that as the dose and
defect concentration increases during continuous irradi-
ation, at some point the damage seems to saturate [5].
The explanation to the saturation is that the cascade
will heal some of the previous damage, and therefore
not as many new defects are produced. The irradiation
can also, on the other hand, reorient or restructure the
defect clusters. Prolonged irradiation of iron results in sev-
eral types of defect clusters, including dislocation loops,
both interstitial- and vacancy-type, as well as voids and
interstitial-rich C15 Laves-phase clusters [3,4,6–8], the last
one theoretically shown to be stable. All of these fea-
tures will affect the dislocation movement in their own
manner [9–15], and hence affect the material properties.
The experimentally observed defect saturation has also
been reproduced by computational means previously for
metals [16–18]. In addition, several studies have focused
on the effect of cascades hitting previous debris. Some
studies were conducted on the overlap of two or three
cascades [19,20], and some studies started from perfect
defect clusters, and investigated the effect of a cascade
overlapping with them [21,22]. The latter ones focused on
interstitial-type defect clusters only. For interstitial-type
defects, the defect production was previously shown to fol-
low a simple analytical function as a function of the degree
of cascade overlap [21].
In this study, we investigate three different types of
vacancy-rich defect clusters and their response to a recoil
in their vicinity. Both the produced defects as well as the
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transformation of the initial defect clusters are investi-
gated. Several different primary knock-on atom (PKA)
energies, temperatures and defect sizes are studied to get a
broader picture. These newly obtained results, in addition
to previous ones on interstitial-type defects, can be used
in larger-scale simulations to introduce more realistically
the effects of cascade overlap.
2 Methods
The simulations were carried out with the classical MD
code PARCAS [23,24], with an adaptive timestep [25]. To
describe the interaction between the atoms, we used two
different interatomic potentials, the Ackland et al. poten-
tial (A04) [26] and the Byggmästar et al. modification of
the Marinica et al. potential (M07B) [18], based on the
potential in [8,27]. These same potentials were used pre-
viously for the interstitial-type defect study [21], which
enables using a combination of the results in future stud-
ies. Electronic stopping was applied on all atoms with a
kinetic energy over 1 eV [28], and was implemented as
a friction force on the atoms. The simulation cell was
roughly 16× 16× 16 nm3 in the [1 0 0]-, [0 1 0]- and [0 0 1]-
directions, for the void and 〈1 0 0〉 loop case, and in the
[1 1 0]-, [1 1 2]- and [1 1 1]-directions, for the 1/2〈1 1 1〉 loop
case. The box contained about 330 000 atoms. The recoils
were initiated at different distances from the defect, and
the direction was always towards the centre of the defect
cluster. The different distances varied between 2 nm and
6 nm, to get both full overlap as well as partial and zero
overlap. The total simulation time was 30 ps, long enough
for the system to cool down to its initial temperature,
as a few layers of atoms at the borders were thermally
controlled by a Berendsen thermostat [29].
Both 0 K and room temperature (300 K) were investi-
gated for both interatomic potentials. Two PKA energies
were studied, 5 keV and 10 keV, to reveal any dependence
on recoil energy. The different defect structures investi-
gated were spherical voids, and vacancy-type 1/2〈1 1 1〉
and 〈1 0 0〉 loops. The loops were of three sizes, roughly
30, 60 and 110 vacancies, corresponding to roughly 1.2 nm,
1.8 nm and 2.5 nm in diameter (ddef). The spherical voids
were simulated in a total of 5 sizes (roughly 30, 60,
110, 260 and 610 vacancies), corresponding to the same
diameters as the loops as well as to the same number
of vacancies (diameters 0.7 nm and 0.9 nm). In addition,
single vacancies were also studied. For each energy, inter-
atomic potential, temperature, defect type, and defect
size, a total of 500 recoils were initiated (100 recoils per
distance). The results on defect production and cascade
volume in pristine materials for the considered tem-
peratures, energies, and interatomic potentials were the
average of 50 or 100 recoil events. Some of these are avail-
able in the literature (average of 50 recoil events) [21],
and the missing ones were simulated in a similar manner
as previous investigations (average of 100 recoil events).
To estimate the amount of overlap, we determined the
centre of the cascade at peak damage. The centre was
determined as the geometrical centre of the liquid atoms
weighted by their kinetic energy. An atom is considered
liquid if its kinetic energy and the kinetic energies of its
neighbours are above the average kinetic energy at the
melting point, in the respective interatomic potential. We
calculated the separation distance as the distance between
the cascade centre and the centre of the defect cluster.
The volume of the cascade (volume of the liquid atoms)
was calculated at peak damage, and by assuming a spher-
ical volume (which is a good approximation at low PKA
energies), a cascade radius (rc) was determined. To anal-
yse the defect number and structure after the cascade,
OVITO [30] was used. The Wigner-Seitz analysis imple-
mented in OVITO was used to identify the number of
interstitials and vacancies. The number of new defects
was analysed as a function of the separation distance, and
grouped into bins of 5 Å. In each bin, the mean and its
standard error was calculated.
To obtain the dislocation structure, the DXA [31]
analysis was utilised. Previously, planar voids or open dis-
location loops have been investigated in reference [32],
and seen to have a similar energy as the vacancy-type
dislocation-loops at certain sizes. Therein, planar voids
are referred to as “open loops” and dislocation loops as
“closed loops”. In this article, “loop” refers to a (closed)
dislocation loop and “planar void” is used to refer to a
loop that has “opened up” in the direction normal to the
loop plane. To relate the produced dislocation structures
to their stability, formation energies at 0 K for both types
of loops, both types of planar voids, and spherical voids
were calculated. The formation energies were calculated
following a conjugate gradient minimisation at zero pres-
sure using LAMMPS [33]. Scaling laws corresponding to
each cluster configuration, as discussed in reference [32],
were fitted to the obtained formation energies. The for-
mation energy of dislocation loops scales with the number
of vacancies, N , as
Ef = a1
√
N ln(N) + a2
√
N + a3, (1)
where the coefficients ai are used as fitting parameters.
For planar voids, the formation energy scales as
Ef = a1N + a2, (2)
and for voids as
Ef = a1N
2/3. (3)
3 Results and discussion
3.1 Defect production
The defect production given as the number of Frenkel
pairs (NFPs) by 5 keV and 10 keV recoils in pristine mate-
rial can be found in Table 1, for both temperatures and
both interatomic potentials. The cascade volume radius
(rc) for the same parameters is also found in the same
table. For both potentials we can observe that more
defects are produced in 10 keV cascades than in 5 keV
cascades, and that more defects are formed in the M07B
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Fig. 1. Defect production for 5 keV cascades in the vicinity of the different 1.8 nm vacancy-type defects at 0 K in the M07B
potential. The individual small black dots are the raw data and the larger red dots are their mean in the certain intervals.
Fig. 2. Defect production for 10 keV cascades in the vicinity of the different 2.5 nm vacancy-type defects at 300 K in the A04
potential. The individual small black dots are the raw data and the larger red dots are their mean in the certain intervals.
Table 1. Number of Frenkel pairs (NFPs) and cascade
radius (rc) in pristine material for the investigated inter-
atomic potentials (Pot.), temperatures (T ) and recoil
energies (E).
Pot. E (keV) T (K) NFPs rc (Å)
A04 5 0 13.1 ± 0.5 [21] 16.3 [21]
300 10.8 ± 0.4 [21] 17.6 [21]
10 0 22.6 ± 0.5 20.4
300 17.8 ± 0.4 21.4
M07B 5 0 16.2 ± 0.5 [21] 14.6 [21]
300 12.8 ± 0.5 [21] 15.7 [21]
10 0 27.0 ± 0.5 17.8
300 22.6 ± 0.5 19.0
potential than in the A04 potential. At the higher tem-
perature, fewer defects are produced than at 0 K. The
cascade radius, on the other hand, is larger in the A04
potential than in the M07B potential (due to differences
in the predicted melting points), and larger at the higher
temperature. These parameter and interatomic poten-
tial specific differences have earlier been discussed in for
instance [1,18,34,35].
As it can be assumed, we observed that if the separa-
tion distance is large, i.e. the cascade centre is far from
the defect cluster, the defect production is not affected
by the pre-existing defect. This can be seen in Figure 1,
for 5 keV recoils and the size 1.8 nm at 0 K in the M07B
potential, and in Figure 2, for 10 keV recoils and the size
2.5 nm at 300 K in the A04 potential. The same trend can
also be seen for the other sizes at both temperatures in
both potentials. The defect production in this region is
on average the same as in pristine material, as also seen
for the interstitial-type defects previously [21]. At smaller
separation distances, where overlap happens, there is an
effect on the defect production. For the single vacancy,
no statistically significant difference was seen for neither
of the potentials nor at any temperature or PKA energy.
For the larger defect structures, we observe a decrease in
defect production at serious overlap for all investigated
parameters in both potentials, as seen in Figure 3.
Studying the general trend of the effect of separa-
tion distance on the defect production in all investigated
setups, the reduction is not as visible as for interstitial-
type defects [21]. This smaller effect makes it more difficult
to draw any quantitative conclusions. For almost all
parameters we observe at full and almost full overlap
a quite stable defect production, described in the next
paragraph. At larger separation distances, we start to see
an increase in defect production, until no overlap effect
is seen. Generally, a larger defect size or a higher PKA
energy (leading to a greater cascade volume) will shift the
limit of no overlap, where the number of new defects is the
same as in the pristine material, towards higher separa-
tion distances. The separation distance after which there
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Fig. 3. Defect production reduction percentage at serious cas-
cade overlap in both the A04 potential (a) and the M07B
potential (b). The x-axis is scaled by the cascade radius to
account for the dependence on energy. The values for the point
defect and for the two smallest sizes are only for the spherical
void configuration, the others are the averages over all three
different defect types.
is no effect can be seen to be between 2 nm and 4 nm,
corresponding very well to the sum of the defect radius
and the cascade radius (between 2 nm and 3.5 nm).
Looking at the defect production where significant over-
lap is happening in all cases, here defined as the defect
production up to a separation distance of 1.5 nm, some
general observations can be made. We see that the defect
production in both potentials is similar for all initial
defects structures, when the cluster radius is the same.
This indicates that the defect production is independent
of defect structure when it is completely enclosed by the
cascade volume. The average reduction for all the inves-
tigated sizes can be seen in Figure 3. The values for
the single vacancy and for the two smallest sizes are
only for the spherical void configuration, i.e. the statis-
tics are about one third compared to the rest. For the
three larger sizes, the average of all three defect types is
shown. For both interatomic potentials we can observe a
larger reduction in the number of produced defects when
the size of the defect cluster is increased. In the A04 poten-
tial, an increase in temperature will increase the reduction,
whereas in the M07B potential the same trend is seen for
the higher recoil energy but not as clearly for the lower
energy. On average we also observe a higher reduction in
the A04 potential compared to the M07B potential. How-
ever, the statistical fluctuations are large, as is visible in
Figures 1 and 2.
3.2 Defect transformation
To investigate the transformation of defects under irradia-
tion, we can look at two factors, the cluster size evolution
and the defect structure transformation. In the first part,
the largest cluster after the recoil event is analysed in form
of number of vacancies in this cluster. The cutoff for con-
sidering two vacancies to belong to the same cluster was
the distance in the middle of the second and third nearest
neighbours, which is commonly used for vacancies. In the
second part, the dislocations identified by the DXA after
the recoil event are studied.
The size evolution follows a similar trend as the defect
production. When the recoil is far from the defect clus-
ter, almost no effect is seen. There is on average a
small reduction, as some interstitials may recombine with
the vacancy-type defect clusters, which can be explained
by the interstitials being pushed out from the cascade
centre [36]. At all distances, on average, we observe a
reduction in size for all investigated defects clusters,
except for the single vacancy. In some individual cases
an increase in size can be observed, where the vacancy-
rich cascade centre [36] is combined with the vacancy rich
defects. For both potentials we observe a greater reduction
in size for more energetic recoils, however, the reduction is
much greater in the A04 potential compared to the M07B
potential. The reduction is roughly 10 and 20 defects for
the A04 potential for both energies, and the correspond-
ing reduction in the M07B potential is about 5 and 10
defects. From the results we also observed that the largest
reduction is not at direct overlap, especially not for the
spherical voids. The overall reduction in cluster size can
be explained by two factors. At full overlap, the molten
cascade centre can destroy the underlying features, and
spread out the vacancies. At larger distances, the intersti-
tials pushed away from the cascade core can recombine
with some of the vacancies found in the vacancy-type
defect. Both of these will effectively reduce the size of the
largest cluster (the initial defect structure).
To understand the dislocation structure transformation
of the vacancy-type dislocation loops and the production
of loops in the spherical void simulations, their relative
stability is useful. The stability curves in terms of forma-
tion energies of the dislocation loops, planar voids and
spherical voids of different sizes are shown in Figure 4.
In both potentials, the spherical void is more stable than
both loops of different Burgers vectors and both planar
voids. The planar 1/2〈1 1 1〉 void has in both potentials
the same or higher formation energy than the dislocation
loop at all sizes. This indicates that the small loops could
open up, but the larger loops should not open up. For
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Fig. 4. Formation energy of the loops of both Burgers vec-
tors, planar voids of both orientations as well as the formation
energy for spherical voids of different sizes. The results in the
A04 potential is found in subfigure (a) and M07B potential in
subfigure (b).
the 〈1 0 0〉 loop, on the other hand, the planar void is at
small sizes more stable than the dislocation loop in the
A04 potential, and has a similar or higher energy than
the dislocation loop in the M07B potential. This indicates
that the smallest loop, especially in the A04 potential,
can open up during irradiation. An important factor to
account for, is that even though the planar void has a
higher energy than the dislocation loop, a hybrid between
a planar void and a spherical void can still and will have
a lower energy than the dislocation loops.
To study the transformation of the defect clusters in
form of dislocation structure, we focus on two parts. The
main focus is on the transformation of the structures at
full overlap (up to a separation distance of 1.5 nm) the
effect of separation distance on the transformation is also
briefly discussed. In the following, a mixed loop means
either a combination of both types of dislocation loops
or one partial loop connected with an unidentified defect
according to DXA. The probabilities for different out-
comes for both types of loops for all parameters can be
found in the supplementary material online. Here, only
the main findings are described and the reader is referred
to the supplementary material for detailed results.
For the smallest dislocation loops at both tempera-
tures, both energies and both interatomic potentials, at
full overlap there is almost never any dislocations remain-
ing according to the DXA. As described earlier, the cluster
size reduction is between 5 and 20 defects, which leads to a
very small remaining cluster, which cannot be recognised
or even interpreted anymore as a dislocation loop. Look-
ing at the exact positions of the vacancies, we can also
observe that for the smallest loops, the vacancies have
either been completely scattered, or reformed into a more
complex three-dimensional structure.
For the intermediate-sized dislocation loops we can
observe, according to the DXA, that there is a very small
probability for a loop to survive in the A04 potential at
both temperatures. In the M07B potential, on the other
hand, the dislocation loops are more likely to survive the
recoil event at both temperatures. For the initially 〈1 0 0〉
loop we observe some 〈1 0 0〉 loops and some mixed loops
in the M07B potential. For the initially 1/2〈1 1 1〉 loops,
both types of loops as well as mixed loops are formed in
the M07B potential. Interestingly, there are more or equal
amounts of 〈1 0 0〉 loops as mixed loops, and 1/2〈1 1 1〉
loops are the least likely to form. At this size, in the
M07B potential, we can clearly observe dislocation loop
transformation. Looking at the vacancy positions, a large
cluster of vacancies is gathered in the centre of the pre-
existing defect, quite densely, more so at 5 keV than at
10 keV, and more in the M07B potential than in the
A04 potential, according to the cluster size reduction. In
the A04 potential, we can see complex three-dimensional
structures, whereas in the M07B the structures are more
planar, which explains why dislocations are more readily
found in the M07B potential.
For the largest dislocations, we observe in the major-
ity of the cases some dislocation structure after the recoil
event in the M07B potential for all parameters and in
the A04 potential at 300 K. In the A04 potential at 0 K
we do not observe almost any dislocation structures. At
300 K in the A04 potential mainly mixed loops and some
〈1 0 0〉 loops are seen for both initial dislocation types,
and a few 1/2〈1 1 1〉 loops are seen after the cascade fully
overlaps with the 1/2〈1 1 1〉 loop. In the M07B potential
we observe mainly mixed loops and some 〈1 0 0〉 loops at
0 K, and in the 1/2〈1 1 1〉 case some 1/2〈1 1 1〉 loops. At
300 K, mainly 〈1 0 0〉 loops are seen, also for the initially
1/2〈1 1 1〉 loop. For both initial Burgers vectors we also
see mixed loops and in the 1/2〈1 1 1〉 case some 1/2〈1 1 1〉
loops. Again, we observe a transformation of the 1/2〈1 1 1〉
loops to 〈1 0 0〉 loops in both potentials, even though both
loops have very similar energies. Looking at the vacancy
positions, we can see that at 0 K in the A04 potential,
where almost no dislocations are formed, there are mainly
vacancy-rich three-dimensional defect structures. As seen
for the intermediate loops, the defect clusters after the
cascade are more planar in the M07B potential at 0 K
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also for the largest loops, explaining the large fraction of
dislocations and mixed dislocations seen.
Looking at the effect of separation distance on the dis-
location evolution, the following general trend can be
observed for both loops in both potentials at all inves-
tigated parameters, except the few cases described later.
As it can be assumed, the probability of remaining in
the original structure increases as the separation distance
increases. The probability of destruction or change in
Burgers vector will decrease as the distance is growing.
An exception to this was the smallest 〈1 0 0〉 loop at 300 K,
where no dislocations were left after the recoil event. The
explanation can be seen from the formation energy graph,
Figure 4, as the 〈1 0 0〉 planar void is equally or more sta-
ble than the 〈1 0 0〉 dislocation loop. Only the latter can
be identified by the DXA. Looking at the vacancy posi-
tions, we could verify that the loops were untouched by
the cascade, and the only change was the switch from a
dislocation structure to a planar void structure. A similar
phenomenon was seen for some of the intermediate loops
in the A04 potential, where there was a large probability
for no loop after the recoil, even at the furthest distance.
At this size, the stability of the dislocation loops and the
planar voids are very close to each other, however, this is
not seen in the M07B potential, as the dislocation loop is
much more stable than the planar void. This indicates that
the thermal motion and/or the shockwave of the cascade
can trigger a transformation towards a void-like structure.
Investigating the dislocation production when the cas-
cade overlaps with voids, we can see that there is a chance
to create perfect 〈1 0 0〉 loops in both potentials. There is
also a probability for mixed loops, in this case mainly a
dislocation segment bound to the void. These probabili-
ties are found in the supplementary material. Most of the
differently sized voids have their highest probability of cre-
ating dislocations at full overlap, however, the larger ones
have a higher probability at around 2 nm separation dis-
tance. This separation distance corresponds to the cascade
centre being very close to the edge of the void. Many of
the produced dislocations close to large voids are of mixed
type, so mainly dislocations that are bound to the voids,
however, the dislocation size can be substantial.
4 Conclusions
In this paper, we studied the effect of vacancy-type defects
on the defect production and defect transformation, when
an energetic cascade is in their vicinity. We observed that
the defect production was affected by a nearby vacancy-
rich defect cluster. The defect production was reduced
by a few tens of percent when the cascade was fully or
partially overlapping with the pre-existing defect cluster.
The reduction was, however, not as drastic as previously
seen for similar sized interstitial-type defect clusters [21].
The defect production reduction was not dependent on
the defect structure, only on the defect cluster radius,
when the cascade volume fully enclosed the defect. The
effect of the nearby cluster was seen up to a separation
distance corresponding to the defect radius plus the cas-
cade radius. We observed for all cluster sizes, except for
the single vacancy, that the largest cluster was reduced
in size after a fully overlapping cascade. The reduction
was dependent on PKA energy and interatomic potential,
but not on initial size. We observed that some disloca-
tion loops did open up to a planar void structure at room
temperature, due to their relative stability. Additionally,
we could see that the 〈1 0 0〉 loops did not transform into
1/2〈1 1 1〉 loops, however, the 1/2〈1 1 1〉 loops were seen
to quite often transform into 〈1 0 0〉 loops when the cas-
cade overlapped fully with the dislocation. Cascades in
the vicinity of voids were also seen to produce dislocations,
mainly dislocation segments connected with the void. The
dislocation produced could be substantial in size. We also
observed for some void sizes a quite high production prob-
ability of perfect 〈1 0 0〉 loops. Our results, both the defect
production bias in the vicinity of vacancy-rich defects and
the transformation probabilities can, in addition to pre-
vious results on interstitial-rich defects, be transferred to
higher-scale simulation methods.
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16. K. Vörtler, N. Juslin, G. Bonny, L. Malerba, K. Nordlund,
J. Phys.: Condens. Matter 23, 355007 (2011)
17. F. Granberg, K. Nordlund, M.W. Ullah, K. Jin, C. Lu,
H. Bei, L.M. Wang, F. Djurabekova, W.J. Weber,
Y. Zhang, Phys. Rev. Lett. 116, 135504 (2016)
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